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1400

Receive light at a monocentric primary
optics section of a monocentric multi-scale
imaging device, where the monocentric
primary optics section comprises one or
more surfaces adapted to form a symmetrical
arrangement around a common point of
origin
1402

Form an image using a secondary optics
section of the monocentric multi-scale
imaging device, where the secondary optics
section comprises a plurality of secondary
optics subsections, and where each
secondary optics subsection 1s adapted to
mtercept at least a portion of the light
received by the monocentric primary optics
section
1404

FIG. 14
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1
MONOCENTRIC IMAGING

PRIORITY CLAIM AND RELATED PATENT
APPLICATION

This patent document claims priority of U.S. provisional
application No. 61/471,088 entitled “RADIAL-CONCEN-
TRIC LENS” and filed Apr. 1, 2011, which 1s incorporated by
reference 1n its entirety as part of the disclosure of this docu-
ment.

FEDERALLY SPONSORED RESEARCH

This mvention was made with government support under

grant/contract No. 10-DARPA-1106 awarded by the Defense
Advanced Research Projects Agency. The government has
certain rights 1n the ivention.

BACKGROUND

This patent document relates to 1maging optics, including
devices, methods and matenals related to developing optical
lenses and 1magers.

Optical design for imagers can be affected by various char-
acteristics including particular optical performance (e.g.,
image resolution, 1image quality, etc.), system cost, power
consumption, weight, and physical footprint. Optical systems
tor providing large pixel counts (e.g., greater than 20 Mega
pixels) mnclude complex optics and sizable 1image sensors that
may ailect physical factors. Some of the factors in producing,

high quality images include the size of the imagers used, and
the aberrations associated with various optical components.

SUMMARY

The disclosed embodiments relate to methods and systems
that enable the capture of very large (e.g., Gigapixel) images
with high 1mage quality using optical imaging systems that
have arelatively small form factor. The disclosed systems and
methods can be manufactured 1n a cost effective fashion, and
can be readily assembled, aligned, tested and utilized 1n
accordance with the disclosed methods.

One aspect of the disclosed embodiments relates to system
that comprises a monocentric primary optics section compris-
ing one or more surfaces adapted to form a symmetrical
arrangement around a common point of origin. The system
also 1includes a secondary optics module comprising a plural-
ity of secondary optics subsections, where each secondary
optics subsection 1s adapted to intercept at least a portion of
light collected by the monocentric primary optics section, and
where combination of the primary optics section and the
secondary optics section 1s adapted to form an 1image. In one
example embodiment, the one or more surfaces adapted to
form a symmetrical arrangement include a spherical or hemi-
spherical arrangement around the common point of origin.

In one exemplary embodiment, each of the secondary
optics subsections fits within a conical volume radiating from
the common point of origin of the primary optics section. In
another exemplary embodiment, each of the secondary optics
subsections 1s adapted to correct on-axis aberrations pro-
duced by the monocentric primary optics section, and each of
the secondary optics subsections includes a component that 1s
rotationally symmetric around the optical axis of the corre-
sponding secondary optics subsection. In yet another exem-
plary embodiment, all of the secondary optics subsections are
substantially similar to each other.
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According to another exemplary embodiment, individual
fields of view of each of the secondary optics subsections can
be combined through post-detection processing into a single
continuous i1mage covering a wide field of view. In still
another exemplary embodiment, the above noted system
includes an aperture stop for each combination of the primary
optics section-secondary optics subsection, located within
cach of the secondary optics subsections. According to
another exemplary embodiment, at least a portion of the pri-
mary optics section provides an optomechanical reference
surface for alignment of a secondary optics subsection.

In one exemplary embodiment, the primary optics section
of the above noted system comprises substantially spherical
or hemispherical elements. In another exemplary embodi-
ment, the secondary optics section comprises a plurality of
subsections and each subsection comprises a plurality of
lenses. For example, each subsection can include a Cooke
triplet. In another example, each subsection can include a
field lens and a plurality of secondary lenses. According to
another exemplary embodiment, at least a portion the second-
ary optics section provides mechanical registration of the
individual remaining elements of the secondary lens and
detector systems.

In one exemplary embodiment, the image 1s formed at
multiple discrete 1image regions, where each 1mage region
corresponds to a field of view captured by a combination of
the monocentric primary optics section and a secondary
optics subsection. In this exemplary embodiment, the above
noted system can also include a plurality of 1image sensing
clements positioned at the multiple discrete image regions
and configured to sense 1images formed at each of the multiple
discrete 1mage regions.

Another aspect of the disclosed embodiments relates to an
integrated 1imaging system that includes a monocentric objec-
tive, and one or more substantially hemispherical three-di-
mensional optical components positioned to at least partially
surround the monocentric objective. Each of the three-dimen-
sional optical components comprises a plurality of optical
clements, and each of the plurality of optical elements 1s
positioned to intercept light collected by the monocentric
objective at a particular field of view. The integrated imaging
system also includes a plurality of 1image sensors, wherein
cach 1image sensor of the plurality of 1image sensors 1s inte-
grated 1nto a corresponding subsection of the WLC optics
section.

Another aspect of the disclosed embodiments relates to an
integrated 1imaging system that includes a monocentric objec-
tive and a hemispherical three-dimensional field optics sec-
tion positioned to at least partially surround the monocentric
objective. The three-dimensional field optics section includes
a plurality of field elements, where each of the plurality of
field elements 1s positioned to intercept light collected by the
monocentric objective at a particular field of view. The above
integrated 1imaging system also includes a water level camera
(WLC) optics section that includes a plurality of subsections,
where the WLC optics section 1s positioned to surround the
hemispherical three-dimensional field optics section such
that each subsection of the WLC optics section 1s aligned with
a corresponding field element. The integrated imaging system
further includes a plurality of 1image sensors, where each
image sensor of the plurality of image sensors 1s integrated
into a corresponding subsection of the WLC optics section.

Another aspect of the disclosed embodiments relates to a
method that includes receiving light at a monocentric primary
optics section of a monocentric multi-scale 1maging device,
where the monocentric primary optics section comprises one
or more surfaces adapted to form a symmetrical arrangement
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around a common point of origin. The method also includes
forming an 1mage using a secondary optics section of the
monocentric multi-scale imaging device, where the second-
ary optics section comprising a plurality of secondary optics
subsections, and where each secondary optics subsection 1s
adapted to mtercept at least a portion of the light received by
the monocentric primary optics section.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 illustrates a portion of a system for acquiring high-
resolution 1mages in accordance with an exemplary embodi-
ment.

FI1G. 2 illustrates additional portions of the system that 1s
depicted 1n FIG. 1.

FIG. 3 illustrates a monocentric primary optics section in
accordance with an exemplary embodiment.

FI1G. 4 1s a diagram 1llustrating the modulus of the optical
transier function (OTF) versus spatial frequency 1n cycles per
millimeter for the exemplary monocentric primary optics sec-
tion of FIG. 3.

FIG. 3§ illustrates a monocentric multi-scale camera in
accordance with an exemplary embodiment.

FIG. 6 1llustrates a monocentric multi-scale camera in
accordance with an exemplary embodiment that includes one
or more field lenses near the internal 1image plane.

FIG. 7 schematically compares an astronomical telescope
with a monocentric multi-step camera that 1s constructed in
accordance with an exemplary embodiment.

FIG. 8 schematically compares an Galilean telescope with
a monocentric multi-step camera that 1s constructed 1n accor-
dance with an exemplary embodiment.

FI1G. 9 1llustrates a primary optics section that 1s configured
to reduce on-axis aberrations 1n accordance with an exem-
plary embodiment.

FI1G. 10 1llustrates an exemplary configuration of a portion
of monocentric multi-scale camera in accordance with an
exemplary embodiment.

FIG. 11 illustrate plots of volume versus Gigapixel for a
multi-camera macro-camera array and a monocentric multi-
scale 1imaging system of an exemplary embodiment.

FIG. 12 1llustrates plots of volume versus F-number for a
multi-camera macro-camera array and a monocentric multi-
scale 1maging system of an exemplary embodiment.

FIG. 13 illustrates a diagram representation, an exploded

view and an assembled view of an integrated monocentric
multi-scale 1maging system 1n accordance with an example
embodiment.

FI1G. 14 illustrates a set of operations that can be carried out
to form an 1mage 1n accordance with an exemplary embodi-
ment.

DETAILED DESCRIPTION

Practical implementation of high quality, high-resolution
imaging devices 1s challenging. These challenges are partly
due to the expense associated with manufacturing extremely
large area 1mage sensors. For example, a large synaptic tele-
scope, with a 3.2 Gigapixel focal plane, which uses 189, 4K
by 4K, 10-um pixel CCDs, with a 9.6-degree field of view
over a 640-mm planar 1mage plane, 1s estimated to occupy 8
cubic meters and cost around $105 Million.

Another challenge 1s associated with aberration scaling of
large 1mage plane lenses. That 1s, lens aberrations scale with
s1ze such that a lens system (e.g., a Cooke triplet) that 1s
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diffraction limited at, for example, a focal length of 10 mm
can fail when configured to operate at a focal length of 100
mm due to aberrations.

One approach for producing very high-resolution (e.g.,
(Gigapixel) imagers 1s to utilize a multiple macro-camera
array configuration, where a mosaic image can be acquired by
a large number of independent cameras. In particular, such a
macro-camera array can be arranged to include n independent
diffraction limited cameras, each having a focal plane with S
pixels. Each camera can be constructed as part of a cylindrical
package, where the diameter of the cylinder 1s the mput aper-
ture of the camera, and each camera can produce an indepen-
dent sample 1mage of the object field. In such a macro-camera
array, to acquire high resolution 1mages, the field of view of
cach mmdependent camera should have minimal overlap with
the neighboring cameras. In order to enable capturing higher
resolution 1mages using such a macro camera system, the
focal lengths of the independent cameras must be increased,
resulting in an increased physical volume, weights and the
overall cost of the camera array. These costs become prohibi-
tive for practical implementation of very high resolution
imagers (e.g., where images in the range of several Gigapixels
are needed).

To reduce the cost and size associated with macro-camera
arrays, some systems utilize a “multi-scale” lens design that
includes a common primary optics section followed by a
multiple secondary section. In such multi-scale systems, the
primary optics can be curved to minimize aberrations, and the
secondary lenses can each be designed to correct the off-axis
aberration of the primary lens at an associated field angle. The
multi-scale 1magers often produce segmented 1image planes
with overlapping images that can be digitally processed and
stitched together to produce a single large 1mage. Such a
segmented image plane, however, does not require a massive
flat focal plane array and, therefore, facilitates the construc-
tion of high-resolution 1magers with a smaller size. In addi-
tion, such multi-scale configurations provide better scaling of
aberrations for low F-number Gigapixel imagers.

Nevertheless, practical implementation of such multi-scale
imagers 1s still challenging since the manufacture of free-
form (non-rotationally symmetric) aspheric components
associated with the secondary optics 1s not trivial. Further, the
lenses 1n the secondary section (1.e., free-form optical com-
ponents with no axis of symmetry) must be individually fab-
ricated and positioned with high degree of accuracy in a
3-dimensional space to correct the associated aberration asso-
ciated with each field angle. As such, each of the image planes
may be oriented at a different scale or angle. These and other
shortcomings of the multi-scale lens design make 1t difficult
to produce a cost effective imaging system that can be physi-
cally scaled to Gigapixel resolution.

The disclosed embodiments relate to methods, devices and
systems that can produce extremely high-resolution 1mages
while utilizing optical components that can be manufactured
and implemented feasibly within a compact imaging system.
Such 1maging systems can be produced at least in-part by
utilizing a primary optics section that 1s configured to produce
the same off-axis aberrations for all field angles. The primary
optics section, which provides a common aperture, 1s radially
symmetric and constitutes a monocentric lens. That 1s, the
primary optics section comprises one or more surfaces
adapted to form a symmetrical arrangement around a com-
mon point of origin. It should be noted that the term lens 1s
used 1n this document to include a single lens (or a simple
lens), as well as a compound lens that includes more than one
optical element. In some embodiments, the monocentric lens
1s comprised of one or more spherical or hemispherical sec-
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tions with a common center of curvature. Such a monocentric
configuration provides a curved image plane and produces
identical or nearly 1dentical aberrations at each field angle. It
should be noted that the terms spherical and hemispherical
are used to convey surfaces or sections that are substantially
spherical or hemispherical. For example, the geometry of
such surfaces or sections may deviate from a perfect sphere or
hemisphere due to manufacturing limitations.

The high-resolution imagers of the disclosed embodiments
also 1include a secondary optics section that 1s configured to
correct residual on-axis aberrations of the monocentric pri-
mary optics section that 1s identical or nearly 1dentical at each
field angle. Since the aberrations are on-axis, the secondary
optics section can be constructed using rotationally symmet-
ric components (e.g., aspheres) rather than freeform optics
used 1in other multi-scale designs. The use of rotationally
symmetric aspheres in the secondary optics section allows
using convenient fabrication processes such as some well-
established commercial fabrication processes, and facilitates
construction of 1imagers using simple alignment techniques.

In some embodiments, each subsection of the secondary
optics section 1s constrained to fit within a conical volume
radiating from the common point of origin of the primary
optics section. As such, as long as the secondary optics sub-
sections are constrained within the conical volume, adjacent
secondary optics subsections can be added without overlap of
the acquired 1image subsections.

FIG. 1 1llustrates a portion of a system for acquiring high-
resolution 1mages in accordance with an exemplary embodi-
ment. The monocentric primary optics section 102 includes
one or more common spherical optics 104 with a common
point of symmetry that in the exemplary configuration of FIG.
1 1s located at the center of the monocentric primary optics
section 102. FIG. 1 also depicts a secondary optics subsection
106 that 1s contained within a conical volume 108 radiating
from the common point of origin of the primary optics section
102. An image sensing device or element 110 (e.g., a CCD or
CMOS mmaging sensor element) captures the light that i1s
collected by the combination of primary and secondary optics
at a particular field angle (in the exemplary configuration of
FIG. 1 only the on-axis conical section 1s depicted). In imple-
mentations, multiple 1imaging sensors or elements 110 are
arranged 1n an array configuration and are placed at different
locations 1n a symmetrical arrangement around the common
point of origin. For example, the multiple imaging sensors or
clements 110 can be placed on a curved surface. A circuitry or
digital processor within signal processing component 112 can
be used to process the outputs from the multiple imaging
sensors or elements 110 and to assemble the outputs to form
a single composite 1mage. This assembling process can be
performed by software.

In some embodiments, the signal processing component
112 include at least one processor and/or controller, at least
one memory unit that 1s in communication with the processor,
and at least one communication unit that enables the
exchange of data and information, directly or indirectly,
through the communication link with other entities, devices,
databases and networks. The communication unit may pro-
vide wired and/or wireless communication capabilities in
accordance with one or more communication protocols, and
therefore 1t may comprise the proper transmitter/receiver
antennas, circuitry and ports, as well as the encoding/decod-
ing capabilities that may be necessary for proper transmission
and/or reception of data and other information.

FI1G. 2 illustrates additional portions of the system that 1s
depicted in FIG. 1. In particular, the central secondary optics
subsection 106 1s depicted along with two adjacent (and
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physically non-overlapping) secondary optics subsections
208, 210, as well as +60 degrees and —60 degrees secondary
optical subsections 212, 214. Additional secondary optics
subsections (1.e., sub-imagers) can be added as needed to
acquire 1mages for a given desired field of view. The optical
design of the secondary optics should preferably provide
overlapping fields of view, so that images acquired by adja-
cent secondary optics paths can be combined to provide a
seamless composite 1mage. Such combination can be carried
out at least in-part using signal processing component 112. In
the exemplary configuration of FIG. 2, all secondary optics
subsections can be substantially similar to one another (and to
the central secondary optics subsection 106) with substan-
tially similar focal planes. Therefore, the high-resolution
imaging system of FIG. 2 can be mass produced at a lower
cost compared to the previously discussed multi-stage 1imag-
ers, and can be assembled with relatively ease due to 1ts
generous alignment tolerances. It should be noted that the
plurality of secondary optical subsections have been
described as being substantially similar to one another. Such
a characterization accounts for imperfections is optical mate-
rials, variability 1n manufacturing process and other sources
of vanations that are present 1n most, if not all, practical
manufacturing and assembly processes.

FIG. 3 illustrates a monocentric primary optics section 1n
accordance with an exemplary embodiment. The exemplary
monocentric primary optics section of FIG. 3 includes 5
clements 302, 304, 306, 308, 310 with a curved focal plane
312. In one exemplary embodiment, the exemplary monocen-
tric primary optics section ol FIG. 3 has an F-number o1 3, an
cifective focal length of 223 mm, a full filed of view of 100
degrees, and the length 01317 mm. The length total length, L,
1s 339 mm. In one exemplary embodiment, the five elements

of the monocentric primary optics section are constructed
from the following glass material: H-LAK4L, N-PK31,

PK51A, H-ZLAF68 and KZFSN3J. The exemplary monocen-
tric primary optics section of FI1G. 3 1s capable of providing up
to 10 Gigapixel images over a 100-degrees field of view.

FIG. 4 1s a diagram 1llustrating the modulus of the optical
transier function (OTF) versus spatial frequency (1n cycles
per millimeter) for the exemplary monocentric primary optics
section of FIG. 3. The Nyquist resolution for 1.67-um pixels
occurs at about 300 cycles/mm, as indicated by the thick
arrow 1n F1G. 4. The non-zero OTF value at 300 cycles/mm
indicates that image data can be collected at such a resolution.
Since the monocentric optics section 1s symmetric, the image
resolution 1llustrated 1n FI1G. 4 1s achieved for the tull degrees
of field of view (e.g., for the entire 100-degree field of view).
In FIG. 4, the line labeled as A corresponds to the diffraction
limit of the aperture, viewed at normal incidence. The line
labeled as B and line labeled as C correspond to the modeled
spatial resolution obtained for light entering the lens at 2 and
0 degrees off normal. The lines labeled as D and E correspond
to the modeled spatial resolution obtained at 50 degrees off
normal. Further, the lines labeled with T and S correspond to
tangential and sagittal plots. The resolution of the sagittal 1s
reduced due to the partial obscuration of the aperture when
viewed at an angle. This 1s an 1ndication of the reduction in
achievable resolution when using a conventional aperture 1n
the primary lens, as opposed to each of the secondary lens
systems.

To facilitate the sensing of high-resolution images pro-
duced by the monocentric primary optics section, secondary
sub-imagers are imntroduced that, 1n some embodiments, func-
tion as relay imaging devices to convey discrete patches of the
curved 1mage formed by the monocentric primary lens onto
spatially separate (and flat) focal planes. This way, discrete




US 8,928,988 Bl

7

tocal plane arrays can be used with suilicient spacing between
individual array elements to allow for packaging and electr-
cal connections. More generally, and as shown 1n FIG. 1 and
FIG. 2, in configurations that the primary lens alone does not
form a focused 1image, the combination of the primary lens
and one of the secondary optics subsections form an 1image on
cach of the focal plane arrays, where each image corresponds
to an overlapping region of the overall field of view.

FIG. 5 illustrates a monocentric multi-scale camera in
accordance with an exemplary embodiment. The monocen-
tric primary optics section 302 and the associated curved
internal 1mage surface 504 are similar to those depicted 1n
FIG. 3. In the specific example embodiment shown in FIG. 5,
the secondary optics section 1s depicted as including a relay
imaging section 506 (that can include triplet secondary lenses
512). The relay imaging section 506 corrects the aberrations
assoclated with the monocentric primary section 502 and
relays the primary optics section’s intermediate 1image to
multiple discrete image planes 508 or image regions. FIG. 5
also shows the neighboring sub-imager ray bundle 510 from
intermediate image field points that 1s imaged onto two adja-
cent focal planes, allowing for sub-images to be stitched into
a single seamless 1mage. In some embodiments, there may be
no internal 1mage plane, as the secondary optics may act to
form the 1mage.

In various implementations, some 1mage field overlap
between the adjacent sub-imager optics 1s useful to provide a
continuous field of view, but this overlap should be limited 1n
certain 1mplementations. An 1mage field overlap between
adjacent sub-imagers optics can result in sharing of light
between two or more focal planes. This sharing tends to
reduce 1mage brightness, and can cause additional diffraction
and corresponding loss 1n the maximum achievable resolu-
tion. As a result, even for ideal optical systems, 1mage pixels
formed 1n overlap regions may have a lower intensity and
resolution. Additionally, degenerate 1image areas, where the
same object 1s 1maged to multiple 1mage planes, generate
redundant information and, in general, reduce the total effec-
tive pixel count compared to total number of 1mage sensor
pixels. For these and other reasons, techniques are provided in
this disclosure to reduce or eliminate 1image field overlap
between adjacent sub-imagers optics.

FIG. 6 1llustrates a monocentric multi-scale camera in
accordance with an exemplary embodiment that 6 reduces or
climinates the sharing of light between two or more focal
planes. Similar to the exemplary embodiment of FIG. 5, the
monocentric primary optics section 602 produce 1images on a
curved image surface (not explicitly labeled). Compared to
FIG. 5, however, the secondary optics section includes not
only the relay optics section 606 but also an a additional series
of field lenses 612a that are positioned at the curved image
surface of the monocentric primary optics section 602. The
exemplary configuration of FIG. 6 that includes the field
lenses 612a mitigates, at least in-part, the problems associ-
ated with sharing of light between adjacent sub-imagers. To
this end, the field lenses 6124 t1lt the incident light into one or
the other sub-imager paths and, therefore, maintain substan-

1ally constant brightness and difiraction limait to resolution at
the edges of the sub-imager field. In FIG. 6, the relay imaging
section detail 1 illustrates an exemplary scenario where the
ficld angle 1s just below the crossover point such that ray
bundle 1, as well as ray bundle 2 are collected by the central
image plane of the multiple discrete 1image planes 608 (or
image regions). In relay imaging section detail 2, the field
angle 1s just above the crossover point such that ray bundle 2
1s collected by an adjacent image plane of the multiple dis-
crete 1mage planes 608. To enhance the quality of captured
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images, 1n one exemplary embodiment, the field lenses 612a
can be fabricated with sharp edges with a transition on the
order of one pixel or less.

Imaging system designs that obey the above-described
symmetry constraint ol a monocentric objective lens having
the secondary optics that fit within a comical volume radiating
form the same central point of symmetry may be divided 1n
two major categories: those that do not have an internal image
plane (as shown i FIG. 1 and FIG. 2) and those with an
internal image plane (as 1llustrated in the exemplary embodi-
ment of FIG. 3). If the monocentric primary optics section
creates a focus for incident light, and the design locates the
secondary optics beyond that focal plane, the overall optical
structure can be compared to an astronomical telescope that
similarly produces an internal image plane. Such an astro-
nomical telescope 700 1s 1llustrated 1n FIG. 7, with the corre-
sponding components ol a monocentric multi-scale camera
labeled 1n dashed boxes around the telescope 700. The mono-
centric primary optics section 702 can be located at a similar
location as the telescope’s objective, and the secondary optics
section can be assumed to replace the components that
include the eyepiece and the eye, thereby positioning the
focal plane 708 at the position of eye’s retina. An internal
aperture stop 706 can be located at the exit pupil of the
telescope’s eyepiece, within the secondary optics section
710. The use of the aperture stop 706 to restrict the on-axis
light blocks a portion of the aberrated rays that are produced
by the monocentric primary optics section 702. It also allows
for a highly uniform 1mage across the image field of each
individual 1mager’s 1mage plane, and between the image
planes at different field angles of the monocentric multi-scale
imaging system.

Imaging systems where either the monocentric primary
optics section does not create a focus for incident light, or
where the design locates the secondary optics before the
focus 1s reached, can be compared to a Galilean telescope.
Such a Galilean telescope 800 1s 1llustrated 1n FI1G. 8, with the
corresponding components of a monocentric multi-scale
camera 1llustrated 1n dashed boxes around the telescope 800.
The monocentric primary optics section 802 can be located at
a similar location as the telescope’s objective, with the sec-
ondary optics section replacing the components that include
the eyepiece and the eye, thereby positioning the focal plane
808 at the position of eye’s retina. The entrance of the sec-
ondary optics can act as the aperture stop 806 to block highly
aberrated rays from the monocentric lens.

To limit on-axis aberrations, additionally or alternatively, a
stop, such as a circular obscuration, can be placed within the
components of the monocentric primary optics section. FIG.
9 illustrates one configuration for that 1s adapted to reduce
on-axis aberrations in accordance with an exemplary embodi-
ment. The rays 902 that are incident upon the central portion
of the monocentric primary optics section include no or little
aberration and, therefore, tend to form a reasonably good
image, especially when any residual aberrations are subse-
quently corrected by the secondary optics section of the imag-
ing system. However, the rays 904 that are incident upon the
outer portions of the monocentric primary optics section pro-
duce highly aberrated images that are hard to correct with the
secondary optics section of the imaging system. Therefore, 1n
some embodiments, an aperture stop 906 1s placed at the
central location of the monocentric primary optics section to
block the ray 9045 that are far from the axis of symmetry.

The configuration that 1s depicted 1n FI1G. 9 works well for
the on-axis sub-imager section of the monocentric multi-
scale 1mager, as well as for a limited number of additional
sub-imagers around the on-axis sub-imager. However, for
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sub-imagers that are associated with larger fields of view,
vignetting (1.e., loss of light due to blockage by the stop 906)
and diffraction can occur. An exemplary vignetting scenario
1s shown 1n lower section of FIG. 9, where the aperture
appears round for the on-axis sub-imager, but sub-imagers
that view the primary lens aperture stop at larger angles (e.g.,
at £30 degrees or £60 degrees) see a tilted ellipse. The result-
ing vignetting can cause significant diffraction effects. There-
fore, instead of using an aperture stop within the monocentric
primary section, for monocentric multi-scale 1magers that
require a large field of view, aberrations can be corrected
using the secondary optics section, as was described, for
example, 1n connection with FIGS. 7 and 8. Additionally, 1n
some embodiments, to limit scattered stray light within the
optical system, an oversized aperture stop 1n the primary optic
can be used to block some of the stray light intensity, while the
actual system aperture stops can be located in each of the
secondary optics.

The monocentric multi-scale 1maging system of the dis-
closed embodiments enable the capture of very high resolu-
tion 1mages at a much smaller form factor than the conven-
tional systems that, for example, use multiple macro-camera
arrays. The following computations illustrates how the vol-
ume of a macro-camera array can be estimated. In the follow-
ing analysis, the incoherent cutoil spatial frequency (cycles/
mm) 1S given as

where A 1s the wavelength of incident light and N 1s the
F-number. The Nyquist frequency (cycles/'mm) for pixel
pitch, p (mm), 1s {,=1/2 p. When Nyquist frequency matches
the diffraction limited cutoff frequency, the maximum
F-number becomes

2p

Nmax = —.
A

To produce G total pixels, the number of focal plane arrays
(FPAs), each having S pixels, that must be used can be com-
puted as

&
n=_[—.
S

For an FPA with a diagonal dimension, ¢, the size of the
montage 1mage diagonal (excluding any spaces) 1s given by

/ 2G
VOR2 e =
2n- s = 5 -

The field of view per sensor, FOV ., can be computed from the
total field of view, FOV ., according to

FOVy

FOVs = ,
V2GS
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which makes the focal length required for each camera ele-
ment

@S
FOVy ]'

F =
fan
(zvzc/s

Assuming a cylindrical camera geometry, the diameter of
cach camera 1s D=F/N. Based on the above analysis, the total
volume of a multiple camera array 1maging system can be
estimated as:

osG (1)

gswzma[ FOvr ]
2V2G/ S

Volumey,,,, = Area-thickness =~ DA F =

Analogous computations can be carried out for a mono-
centric multi-scale camera that 1s designed 1n accordance
with the disclosed embodiments. In particular, it 1s assumed
that the same Gigapixel mosaic as the multiple macro-camera

array 1s obtained using a shared monocentric primary optics
section with a square array of n diffraction limited relay
imagers, resolving S pixel focal planes. Further, 1t 1s assumed
that each relay imager comprises a cylindrical package that
independently samples the image plane produced by the
monocentric primary optics section. FIG. 10 1llustrates an
exemplary configuration of a portion of monocentric multi-
scale camera 1n accordance with an exemplary embodiment
that can facilitate the understanding of the following analysis.
In FIG. 10, the monocentric primary optics section 1002 and
the secondary optics section 1004 are similar to those illus-
trated 1n FI1G. 5. The relay imaging section detail 1006 more
clearly depicts the components within the secondary optics
section 1004, including the relay imagers 1008 that relay the
image {rom the internal 1mage plane 1010 to the 1mage sen-
sors 1012. For conducing the volume computations that fol-
low, the relay imagers 1008 are assumed to have a cylindrical
shape.

Similar to the analysis carried out for the multiple camera
array, when Nyquist frequency matches the diffraction lim-
ited cutoll frequency, the maximum F-number becomes

Assuming the collector primary optics section has a spherical
image plane with arc length

[2G s
DﬂDHEﬂI‘DI‘ — A
p

radius of collector’s image becomes

[ 2G
180 | —
DEDHE:‘:IDF S¥s

nFOVr am, FOVr
1 80

Feoltector =
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where ¢ 1s the individual sensor’s diagonal size and m , 1s the
relay magnification, which i1s typically less than 1. From
monocentric geometry, radius of the processed 1mage plane

(1.e., the 1mage plane at the 1mage sensors) 1s
[ processed O T o000 Where als the lateral separation ot the

relay imagers. Solid angle volume of spherical section of
angle FOV -~ is

~ FOVrr
540

|1 —cos(FOV7)],

and the volume of the monocentric multi-scale camera
(MMC) imaging system in mm” can be computed as:
VO lumeMM C:VO lume ro collector lens from 1‘,‘+
Volume,,, .., ;0 processed image: EQUANION (2) then provides an
estimate for volume ot the monocentric multi-scale camera in

II]IIl3Z

CeRlier

2G\: (2)
10800(?] o

7im3 FOVf

Volumey e = |1 — cos(FO VT)](,BEF + EHBH'I;).

In Equation (2), p;~ 1s the primary optics section’s front
radius (or collector image radius). As evident from Equation
(2), the volume of a monocentric multi-scale camera that 1s
designed 1n accordance with the disclosed embodiments does
not depend on the F-number. Using Equations (1) and (2), for
an F/3, 50-Gigapixel imaging system, with a 120-degree field
of view that uses 1.67-um pixel pitch 10-Megapixel FPAs, the
volume associated with a multiple macro-array camera sys-
tem is 27 m°, whereas the volume for a monocentric multi-
scale imager of the disclosed embodiments is 0.37 m”.

FIG. 11 illustrate plots of volume versus Gigapixel for a
multi-camera macro-camera array (1.e., “arrayed camera’)
and a monocentric multi-scale 1maging system of the dis-
closed exemplary embodiments at F/6 and F/3. As evident
from FIG. 11, the monocentric multi-scale imaging systems
of the disclosed embodiments provide a significant advantage
in terms of volume over the conventional arrayed camera
systems, especially at lower F-numbers. In general, lower
F-number optics allow shorter exposures or produce less
noisy images. However, these advantages come at a higher
cost and complexity.

FI1G. 12 shows volume versus F-number for a multi-camera
macro-camera array (1.e., “arrayed camera’) and a monocen-
tric multi-scale 1maging system of an exemplary embodiment
for 1-, 10- and 350-Gigapixel imaging systems. As evident
from FIG. 12, the volume of the monocentric multi-scale
imaging system of the disclosed embodiments remains quite
small even when the number of Gigapixels increases, whereas
for very large pixel counts, the volume of arrayed camera
systems becomes unmanageably large. Compared to an
arrayed camera system, the monocentric imaging devices of
the disclosed embodiments provide a 3x, 24x and 150x vol-
ume advantage for 1-, 10- and 50-Gigapixel imagers, respec-
tively, at F/3.

Recognizing that handling a large quantity of individual
lens systems can become expensive, advanced optical fabri-
cation and assembly techniques can be used to facilitate the
implementation and integration of a monocentric multi-scale
imaging systems. Such techniques can be used for cost reduc-
tion, and also to enable the production of miniaturized ver-
s1ons of the monocentric multi-scale imaging. FIG. 13 1llus-
trates a diagram representation, an exploded view and an
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assembled view of an integrated monocentric imaging system
in accordance with an example embodiment. The monocen-
tric objective 1302, which forms the monocentric primary
optics section of the 1maging system can, for example, be
molded or polished using conventional lens fabrication tech-
niques. As depicted 1 the exploded view of FIG. 13, the
integrated monocentric 1maging system can include a
mechanical housing 1304 that can provide an indirect
mechanical registration mechanism for the monocentric
objective 1302. A 3-Dimensional optical component 1312
(1.., the first element of the secondary optics section) can also
provide a mechanical registration surface for the other com-
ponents of the secondary optics section, such as the water
level camera (WLC) optics 1306 assemblies, and directly or
indirectly, for the monocentric objective 1302, as well. In
some embodiments, includes field optics. In one example
embodiment, the 3-D field optical component 1312 1s a fac-
cted hemispherical 3-D optical element that 1s fabricated
using direct step-and-repeat single point diamond turning of
an optical material (e.g., plastic). Additionally or alterna-
tively, the same step-and-repeat can be used to i1t create amold
for making multiple copies of the 3D optic. Stmilarly, a multi-
lens secondary optical system can be constructed from a set of
multiple substantially concentric 3-Dimensional optical and
mechanical elements, each a faceted hemispherically shaped
component, so that an 1mage can be formed on multiple focal
plane arrays attached to the outer element that includes the
image sensors 1308.

Referring again to FIG. 13, the remaining components of
the secondary optics section (e.g., WLC optics 1306 and
image sensor 1308) can be fabricated as WLC, and mounted
on electrical connectors. The use of water level camera tech-
nology allows the lens elements, filters, sensors, as well as
clectrical and electronic components (e.g., processors), to be
included 1n a small, integrated package, which provides cost
savings and implementation advantages. For example, planar
optical components, such as lenslets and aperture arrays, can
be integrated onto a silicon CMOS chip with multiple image
sensors, which are then diced into individual optoelectronic
assemblies. For cameras that are integrated into mobile
devices, such assemblies can be complete 1maging systems.
Such assemblies can also be used in combination with a
monocentric primary optics section to form a multi-scale
imaging system.

In one exemplary embodiment, an integrated imaging sys-
tem can be provided that includes a monocentric objective,
and a hemispherical three-dimensional field optics section
that 1s positioned to at least partially surround the monocen-
tric objective. The three-dimensional field optics section can
include a plurality of field elements, where each of the plu-
rality of field elements 1s positioned to intercept light col-
lected by the monocentric objective at a particular field of
view. Such an integrated imaging system also includes an
integrated water level camera (WLC) optics section that com-
prises a plurality of subsections, where the WLC optics sec-
tion 1s positioned to surround the hemispherical three-dimen-
sional field optics section such that each subsection of the
WLC optics section 1s aligned with a corresponding field
clement. The integrated imaging system further includes a
plurality of 1mage sensors, wherein each image sensor of the
plurality of image sensors 1s mtegrated into a corresponding
subsection of the WLC optics section.

FIG. 14 1llustrates a set of operations 1400 that can be
carried out to form an 1mage in accordance with an exemplary
embodiment. At 1402, light 1s received at a monocentric
optics section of a monocentric multi-scale 1maging device,
where the monocentric primary optics section comprises one
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or more surfaces adapted to form a symmetrical arrangement
around a common point of origin. At 1404, an 1mage 1s
formed using a secondary optics section of the monocentric
multi-scale 1maging device, where the secondary optics sec-
tion comprises a plurality of secondary optics subsections, 3
and where each secondary optics subsection 1s adapted to
intercept at least a portion of the light recerved by the mono-
centric primary optics section.

In one exemplary embodiment, each of the secondary
optics subsections fits within a conical volume radiating from 10
the common point of origin of the primary optics section.
Further, each of the secondary optics subsections 1s adapted to
correct on-axis aberrations produced by the monocentric pri-
mary optics section, and each of the secondary optics subsec-
tions includes a component that 1s rotationally symmetric 15
around the optical axis of the corresponding secondary optics
subsection. In some embodiments, all of the secondary optics
subsections are substantially similar to each other. In further
exemplary embodiments, forming an image according to the
method that 1s described in FIG. 14 comprises combining a 20
plurality of individual images produced by the secondary
optics subsections into a single 1image. In one example, the
combining 1s carried out through post-detection processing
and the single 1image 1s a continuous 1mage covering a wide
field of view. 25

In some exemplary embodiments, an aperture stop 1s pro-
vided for each combination of the primary optics section-
secondary optics subsection within the secondary optics sub-
section of the monocentric multi-scale 1maging device.
Moreover, a secondary optics subsection can be aligned using 30
at least a portion of the primary optics section as an optom-
echanical reference surface. Such an alignment can be done
prior to using the multi-scale 1maging device or as necessi-
tated, if and when misalignment of the components occur.

As noted earlier, 1n some embodiments, the primary optics 35
section comprises spherical or hemispherical elements. The
secondary optics section can include a plurality of subsec-
tions and each subsection can include a plurality of lenses.
For example, each subsection comprises a Cooke triplet. In
some embodiments, each subsection comprises a field lens 40
and a plurality of secondary lenses.

In certain exemplary embodiments, at least a portion the
secondary optics section provides mechanical registration of
the individual remaining elements of the secondary lens and
detector systems. In another exemplary embodiment, form- 45
ing an 1mage based on the operations that are described 1n
FIG. 14 includes producing multiple discrete images, where
cach of the multiple discrete images corresponds to a field of
view ol the monocentric multi-scale 1imager captured by a
combination of the monocentric primary optics section and a 50
secondary optics subsection. The exemplary operations of
FIG. 14 can also include sensing each of the multiple discrete
images using 1image sensing elements positioned at the mul-
tiple discrete image locations.

Various embodiments described herein are described inthe 55
general context of methods or processes, which may be
implemented, at least in part, by a computer program product,
embodied 1n a computer-readable medium, mcluding com-
puter-executable instructions, such as program code,
executed by computers in networked environments. A com- 60
puter-readable medium may include removable and non-re-
movable storage devices including, but not limited to, Read
Only Memory (ROM), Random Access Memory (RAM),
compact discs (CDs), digital versatile discs (DVD), Blu-ray
Discs, etc. Therefore, the computer-readable media described 65
in the present application include non-transitory storage
media. Generally, program modules may include routines,
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programs, objects, components, data structures, etc. that per-
form particular tasks or implement particular abstract data
types. Computer-executable instructions, associated data
structures, and program modules represent examples of pro-
gram code for executing steps of the methods disclosed
herein. The particular sequence of such executable nstruc-
tions or associated data structures represents examples of
corresponding acts for implementing the functions described
in such steps or processes.

While this specification contains many specifics, these
should not be construed as limitations on the scope of any
invention or of what may be claimed, but rather as descrip-
tions of features that may be specific to particular embodi-
ments ol particular inventions. Certain features that are
described 1n this specification in the context of separate
embodiments can also be implemented in combination 1n a
single embodiment. Conversely, various features that are
described in the context of a single embodiment can also be
implemented in multiple embodiments separately or in any
suitable subcombination. Moreover, although features may
be described above as acting in certain combinations and even
initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combi-
nation, and the claimed combination may be directed to a
subcombination or variation of a subcombination.

What 1s claimed 1s:

1. A system, comprising:

a monocentric primary optics section including one or
more surfaces adapted to form a symmetrical arrange-
ment around a common point of origin;

a secondary optics section including a plurality of second-
ary optics subsections arranged at different field angles
to intercept and capture diflerent portions of light output
by the monocentric primary optics at the different field
angles, wherein each secondary optics subsection 1s
adapted to intercept at least a portion of light collected
by the monocentric primary optics section to form a
subimage as part of a full image 1n light collected by the
monocentric primary optics section, and wherein com-
bination of the primary optics section and the secondary
optics section 1s adapted to form subimages by the sec-
ondary optics subsections that collectively represent the
full image 1n light collected by the monocentric primary
optics section.

2. The system of claim 1, wherein each of the secondary
optics subsections fits within a conical volume radiating from
the common point of origin of the primary optics section.

3. The system of claim 1, wherein each of the secondary
optics subsections 1s adapted to correct on-axis aberrations
produced by the monocentric primary optics section, and
cach of the secondary optics subsections imncludes a compo-
nent that 1s rotationally symmetric around the optical axis of
the corresponding secondary optics subsection.

4. The system of claim 1, wherein all of the secondary
optics subsections have substantially similar shape, material
and focal planes.

5. The system of claim 1, comprising:

a plurality of imaging sensors that are coupled to receive
light from the plurality of secondary optics subsections,
respectively; and

a signal processing component that combines 1individual
images from the imaging sensors into a single image.

6. The system of claim 1, comprising an aperture stop for
cach combination of the primary optics section-secondary
optics subsection, wherein the aperture stop 1s located within
the secondary optics subsection.
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7. The system of claim 1, where at least a portion of the
primary optics section provides an optomechanical reference
surface for alignment of a secondary optics subsection.

8. The system of claim 1, wherein the primary optics sec-
tion comprises spherical or hemispherical elements.

9. The system of claim 1, wherein the secondary optics
section comprises a plurality of subsections and each subsec-
tion comprises a plurality of lenses.

10. The system of claim 9, wherein each subsection com-
prises a field lens near an internal image plane and one or
more secondary lenses which form an image of the internal
image plane.

11. The system of claim 1, wherein at least a portion the
secondary optics section provides lateral mechanical regis-
tration of the individual remaining elements of the secondary
lens and detector systems.

12. The system of claim 1, wherein the 1mage 1s formed at
multiple discrete 1image regions, each 1image region corre-
sponding to a field of view captured by a combination of the
monocentric primary optics section and a secondary optics
subsection.

13. The system of claim 12, further comprising a plurality
of image sensing elements positioned at the multiple discrete
image regions and configured to sense 1images formed at each
of the multiple discrete image regions.

14. An mtegrated imaging system, comprising:

a monocentric objective;

one or more substantially hemispherical three-dimensional

optical components positioned to at least partially sur-
round the monocentric objective, where each of the
three-dimensional optical components comprises a plu-
rality of optical elements, each of the plurality of optical
clements 1s positioned to intercept light collected by the
monocentric objective at a particular field of view; and
a plurality of image sensors, wherein each 1mage sensor of
the plurality of image sensors 1s integrated into a corre-
sponding subsection of a waler level camera optics sec-
tion.

15. The system of claim 14, wherein each secondary optics
subsection 1s structured to correct on-axis aberrations pro-
duced by the monocentric primary optics section.

16. The system of claim 14, wherein all of the secondary
optics subsections have substantially similar shape, material
and focal planes.

17. A method, comprising:

receiving light at a monocentric primary optics section of a

monocentric multi-scale imaging device, the monocen-
tric primary optics section comprising one or more sur-
faces adapted to form a symmetrical arrangement
around a common point of origin; and

forming an 1image using a secondary optics section of the

monocentric multi-scale imaging device, the secondary
optics section comprising a plurality of secondary optics
subsections arranged at different field angles to intercept
and capture different portions of light output by the
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monocentric primary optics at the different field angles,
wherein each secondary optics subsection 1s adapted to
intercept at least a portion of the light received by the
monocentric primary optics sectional,

wherein forming an 1image comprises combining a plural-

ity of individual images produced by the secondary
optics subsections 1nto a single image.

18. The method of claim 17, wherein each of the secondary
optics subsections fits within a conical volume radiating from
the common point of origin of the primary optics section.

19. The system of claim 17, wherein each of the secondary
optics subsections 1s adapted to correct on-axis aberrations
produced by the monocentric primary optics section, and
cach of the secondary optics subsections includes a compo-
nent that 1s rotationally symmetric around the optical axis of
the corresponding secondary optics subsection.

20. The method of claim 17, wherein all of the secondary
optics subsections have substantially similar shape, material
and focal planes.

21. The method of claim 17, further comprising providing,
an aperture stop for each combination of the primary optics
section-secondary optics subsection within the secondary
optics subsection of the monocentric multi-scale 1maging
device.

22. The method of claim 17, further comprising aligning a
secondary optics subsection using at least a portion of the
primary optics section as an optomechanical reference sur-
face.

23. The method of claim 17, wherein the primary optics
section comprises spherical or hemispherical elements.

24. The method of claim 17, wherein the secondary optics
section comprises a plurality of subsections and each subsec-
tion comprises a plurality of lenses.

25. The method of claim 24, wherein each subsection com-
prises a field lens near an internal image plane and a plurality
of secondary lenses which form an image of the internal
image plane.

26. The method of claim 17, wherein at least a portion the
secondary optics section provides lateral mechanical regis-
tration of the individual remaining elements of the secondary
lens and detector systems.

277. The method of claim 17, wherein forming the 1image
comprises producing multiple discrete images, and wherein
cach of the multiple discrete images corresponds to a field of
view ol the monocentric multi-scale 1imager captured by a
combination of the monocentric primary optics section and a
secondary optics subsection.

28. The method of claim 27, further comprising sensing,
cach of the multiple discrete images using 1image sensing
clements positioned at the multiple discrete image locations.

29. The method of claim 17, comprising using each sec-
ondary optics subsection to correct on-axis aberrations pro-
duced by the monocentric primary optics section in forming a
corresponding individual image from recerved light.
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